Molecular imaging is a rapidly expanding interdisciplinary field historically focussed on the concept of non-invasively quantifying and visualizing molecular and cellular processes, rather than anatomy, as they occur in biological systems ranging in scale from the subcellular to whole organism through use of external imaging devices. [1] More recent advances have come to include minimally-invasive strategies for imaging molecular activities in situ (e.g. endoscopic or intravascular fluorescence imaging) or imaging open surgical fields, often following the administration of an appropriate targeted contrast agent. [2] Molecular imaging often utilizes the distinct chemical nature of unique injectable probes (contrast agents) to interrogate specific signalling events and receptors on and within cells, tissues, and animals. These probes or reporters can be specifically tailored to obtain quantitative and qualitative information about specific pharmacological targets and biochemical events in biological systems. The conceptual framework for molecular imaging originated in nuclear medicine with radiotracer agents in the 1970s and 1980s as the need to better understand metabolic pathways (glucose metabolism) and drug pharmacokinetics in vivo drove the development of molecular-targeted tracer compounds and imaging techniques. [3] Merging the conceptual framework of molecular-cell biology with genetically-encoded constructs or reporters and the analysis of signalling pathways and protein function in vivo with non-invasive external imaging devices spawned a leap in the midlate 1990s towards the full scope of modern molecular imaging as now envisioned and practiced. [1] The non-invasive character of molecular imaging is highly advantageous as it minimizes perturbation of the biological system under interrogation, allowing for more complete and accurate observations to be made in the proper context of a live subject. [1, [4] [5] [6] [7] Importantly, many gene expression profiles, signal transduction pathways, and protein-protein interactions arise from cell-mediated signalling in a tissue-restricted manner that we now understand are context-specific. For example, the functional consequences of a given gene expressed during development can be quite different when the same gene is expressed in the adult, as seen with embryonic genes that are re-expressed in cancer cells. [8] Indeed, cell autonomous genetic changes within an incipient cancer cell combined with alterations in the stromal microenvironment contribute to neoplastic progression. [9] The importance of the microenvironment in neoplastic progression is underscored by studies demonstrating that fibroblasts isolated from a tumour stimulate growth of preneoplastic and neoplastic cells in xenograft models. Thus, as this example in cancer illustrates, there is increasing need for studies of the genetic and molecular basis of disease to migrate to the whole organism to correctly capture relevant molecular mechanisms in the proper context. Molecular imaging provides one such platform for non-invasive analysis of biology in vivo. This new set of molecular probes, detection technologies and imaging strategies, collectively termed molecular imaging, now provides researchers and clinicians alike, new opportunities to visualize gene expression, biochemical reactions, signal transduction, protein-protein interactions, regulatory pathways, cell trafficking and drug action non-invasively and repetitively in their normal physiological context within living organisms in vivo. This has led to improvements in basic investigations of biomedicine in model organisms and it is hoped that this will lead to improved diagnosis and treatment of a wide variety of diseases such as cancer, inflammation, neurodegenerative disorders, and cardiovascular disease. Additionally, since the biological system of interest is left unperturbed, longitudinal studies using the same individual test subject are enabled, thereby decreasing biological variation, enhancing statistical robustness, providing new opportunities for unique protocols, and reducing the consumption of materials and laboratory animals.
Within molecular imaging are families of non-invasive imaging modalities, for example, optical fluorescence and bioluminescence imaging, magnetic resonance imaging (MRI), positron emission tomography, and single photon emission computed tomography. Molecular imaging has gained collectively from advances in molecular and cell biology, development of new molecular probes which serve as sources of imaging contrast, and in advances in imaging instrumentation. Imperative to the efficacy of molecular imaging techniques is the facile detection of these probes by their respective imaging instrumentation. Each modality has its own strengths and weaknesses for analyzing subjects of interest. [1, 10] Regardless of modality, one of the largest areas remaining for technical progress in molecular imaging is overcoming limitations imposed by low signal-to-background ratios.
Signal starts with molecular probes, which provide image contrast and consist of three basic elements: a targeting moiety, a linker, and a reporter. Most labelled probes, and in particular, radiolabelled probes, are constitutive (always on), but some probes (e.g. optical, MRI) are amenable to inducible or activatable strategies. These activatable or 'smart' probes will generally possess similar scaffolds as standard probes, but will incorporate structural characteristics that make them active only in the presence of the target or signalling event of interest. Thus, signal from non-specific binding and uncleared non-target areas becomes less significant, allowing for greater signal-to-background ratios, enhanced temporal resolution, and multi-time point analysis with a single administration of probe.
More than simply generating high target signals, molecular imaging demands high signal-to-background ratios. It is the signal-to-background ratio that determines the conspicuity of the target during whole body imaging. Thus, a great deal of effort is actually directed to ensuring rapid clearance of probes from non-target tissues and cells during a molecular imaging study. The requirements for clearance of off-target signal can vary depending on whether probes are constitutive or activatable. For constitutive agents, the overall signal-to-background ratios are critically dependent on both high targeting as well as rapid clearance from non-target tissues. This is especially true for short lived isotopes which place high demands on rapid clearance within the time frame that the target remains imagable (Fig. 1a) . However, activatable or quenched optical probes hold an advantage over constitutive agents in that the requirements for non-target binding or accumulation can be relaxed somewhat, since the probe should not be visible, despite its presence at non-target sites (Fig. 1b) . Thus, for an activatable probe, high target binding and activation are the primary drivers, as long as general metabolism and toxicity do not interfere with the generation of high signal-to-background ratios for imaging. Clearance, in general, is quite complex and relates to the structural details, size, surface charge, protein binding characteristics, rates of metabolism versus stability, and route of excretion of the probe. And, of course, these clearance characteristics cannot interfere with the targeting properties of the compound. Regardless of modality or probe emission properties, ideal reporters should have no toxicity, quick, and selective localization to their targets, minimal interaction with non-targets, rapid systemic clearance and, if applicable, only activate in the presence of the intended target. While these are general characteristics that should be considered for designing and synthesizing molecular imaging agents, each modality has its own unique constraints that require attention along the pathway to fulfilling these requirements. Thus, the formidable challenges for chemists in molecular imaging are to both optimize the targeting properties as well as minimize off-target binding capacity of candidate probes, whether the sources of these non-targeting characteristics reside in serum proteins, hydrophobic compartments (cell membranes, fatty tissue), offtarget receptors, or metabolic pathways.
The field of molecular imaging is continuously expanding our ability to explore and interrogate the nature of biological systems without disrupting their integral context. Refinement of probe targeting, activation, and pharmacokinetics will continue to improve signal-to-background ratios, furthering what can be accurately detected and analyzed. Continued combination and integration of separate imaging methods into multimodal techniques and systems will enable more complete understanding of the true nature of living systems on both a micro and macro scale, all within the context of the intact biological system. Additionally, molecular imaging is an inherently interdisciplinary field and it will prosper best through increased collaboration and outreach to different fields that can add new perspectives for translation from basic science to clinical application. Regardless of modality or combination thereof, one of the central objectives to expanding the application of molecular imaging will be use of creative chemistry in overcoming limits imposed by suboptimal signal-to-background ratios.
